As a typical type of three-dimensional compound parabolic concentrator (CPC), dielectric 10 crossed compound parabolic concentrator (dCCPC) has drawn a significant research 11 attention in these years to explore its angular characteristics in solar collection for 12 concentrating photovoltaics and daylighting control in buildings. Optical efficiency and 13 transmittance are the main performance indicators to evaluate a dCCPC which may be base-14 coated as a receiver or non-coated for daylighting. The most common way to accurately 15 determine the performance of a dCCPC is through ray-tracing simulation which requires 16 advanced optical analysis software and lots of time. To facilitate the annual performance 17 evaluation of dCCPC, this study puts forward several mathematical models for multiple 18 nonlinear regression based on a mass of simulation results. The models can predict the 19 transmittance of non-coated dCCPC and the both of transmittance and optical efficiency of 20 base-coated dCCPC from several sky parameters, respectively. The agreement between 21 predicted and simulated values is generally satisfactory. The coefficient of determination (R 2 ) 22 for each model is higher than 0.94 and the mean square error (MSE) is less than 0.002. Six 23 specific time among the whole year are selected to verify the reliability of the prediction 24 models in practice. The limitation and significance of these models are discussed as well. The 25 regression models provide a convenient and accurate approach to predict the optical 26 performance of dCCPC. 27 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3
Introduction

40
The compound parabolic concentrator (CPC) is one type of the nonimaging optics, which has 41 great potential in solar energy concentration, daylighting control and illumination. CPC is a 42 non-tracking concentrator to collect solar energy in concentrating photovoltaic (CPV) and 43 solar thermal systems, which has been verified by many research studies (Sellami and  44 Mallick CPC is 20%-30% more than traditional 2D CPC. For crossed CPC (CCPC), the maximum optical 52 efficiency could reach 95% (Sellami et al., 2012) . The maximum power ratio was up to 2.67 53 for the dielectric filled crossed CPC (Baig et al., 2014b) . In a system integrating CPC, PV and 54 tubular absorber, the total energy conversion efficiency was 20% higher than the 55 independent PV module (Ulavi et al., 2013) . 56
The advantages of CPC in daylighting control has been also proposed by some researchers 57 (Walze et efficiency ranged from 21% to 26% when it was used as skylight and 15% to 24% when it was 62 used as south or east-facing windows. Yu et al. (Yu et al., 2014) investigated the feasibility of 63 using 2D dielectric CPC as skylight in daylighting control. It was found that the CPC provided 64 lower transmittance at noon and higher transmittance in the morning and afternoon under 65 clear sky, which could reduce solar heat gain significantly. PRDIEs is a smart window applied 66 on building facade integrating CPC and photovoltaic to provide daylighting and electricity at 67 the same time. It has been extensively investigated by many researchers (Sarmah and  68 Mallick Two-dimensional (2D) trough CPC has a longitudinal axis and two parabolic-curved surfaces, 73 which is the most common one in all CPCs (Welford and Winston, 1978) . For the most 74 common east-west orientation of 2D trough CPC in practice, the incident light projected on 75 the north-south meridian forms a so-called south projection angle, which could be 76 compared with the acceptance angle of CPC to determine its optical performance. However, 77 this would be not suitable for a three-dimensional CPC, for example, typical crossed CPC 78 (CCPC), also called orthogonal CPC, consists of four parabolic surfaces and two square 79 apertures. Different from 2D CPC, the optical performance of CCPC is more complicated so 80 that it cannot be determined using a simple south projection angle directly. Due to the 81 complex ray path of incident light, the optical performance of CCPC can be obtained only by 82 raytracing simulation. 83
The dielectric CPC (dCPC) is an alternative to the mirror CPC and has an enlarged acceptance 84 angle owing to the refraction on air-dielectric interface and also allows transmission of light 85 4 beyond its acceptance angle. As a result, the dCPC has been widely used in CPV and 86 daylighting control systems. Welford and Winston (Welford and Winston, 1978) proposed 87 that the actual acceptance angle of a dCPC needs to be adjusted by a certain degree for 88 nonmeridional incident rays due to the refraction. For 2D dCPC, Yu and Su (Yu and Su, 2015)  89 proposed a concept of inner projection angle which is the refracted projection angle of 90 incident light inside dCPC. They found strong correlations between inner projection angles 91
and optical performance at different solar azimuth angles of 2D dCPC based on simulation 92 results. However, for 3D dielectric crossed compound parabolic concentrator (dCCPC), the 93 refraction and total internal reflection owing to dielectric material should also be considered, 94 which causes the prediction of optical performance of dCCPC becomes more complicated. 95
To date, no research has been published in the literature that proposes a relatively fast and 96 simple model to predict the optical performance of dCCPC except for simulation. In this 97 study, several mathematical models are proposed through multiple nonlinear regression 98 based on a mass of simulation results, in order to predict the optical performance for base-99 coated and non-coated dCCPC from the given solar azimuth angle, altitude angle and sky 100 clearness factor. The validation and limitations of the models are given to discuss the 101 feasibility and reliability of the models as well. On basis of the regression models proposed 102 in this study, the transmittance of using dCCPC can be calculated in a fast and accurate way 103 rather than using long time ray-tracing simulations. Similarly, in terms of the CPV application, 104 the amount of light received by the PV panel attached on the base of dCCPC can also be 105 determined in a much more convenient way. 106 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 202 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 In terms of independent variables, sun position is the most important factor that affects 203 dCCPC performance, which can be described by both azimuth ( ) and altitude ( ). In order 204 to find a more accurate and relatively complete result of how the sun influences the 205 performance of dCCPC, the sky models with different sun locations were used in simulations 206 in order to cover the likely incident angles as many as possible. Fig. 2 illustrates the 207 schematic of dCCPC and sun positions used in simulations. The dCCPC was assumed to be 208 positioned as the two perpendicular median planes are along the east-west and north-south 209 directions. With the considerations of the symmetry of dCCPC and simplifying simulation, 210 the solar azimuth was chosen from 0° to 45° with interval of 5°. When the sun is at very low 211 altitude, the incident light entering dCCPC is quite few so that this condition does not need 212 to be considered. Thus the solar altitude was chosen from 10° to 90° in every 5°. The 213 combinations of the total 17 altitude angles and 10 azimuth angles give 170 sun locations in 214 total which cover an eighth of the hemisphere of sky dome. For the incident ray whose 215 azimuth or altitude is beyond its range, the azimuth or altitude angle can be converted to 216 equivalent angle based on the symmetry of dCCPC for calculation. For example, for an 217 incident ray having the azimuth of 243° and the altitude of 73°, the equivalent azimuth and 218 altitude should be 27° and 73°. 219 The performance of dCCPC under overcast sky can be calculated by its geometric properties 222 directly and it is almost constant for diffuse solar radiation (Rabl et al., 1980, Su et al., 223 2012b). The sky condition being focused on in this study is clear sky only. According to the 224 realistic weather data (EnergyPlus, n.d.), the skylight and sunlight illuminance change all the 225 time depending on the sun position and sky condition as well. In order to investigate the 226 effects on CPC performance from sky conditions, sky clearness factor was applied as another 227 independent variable. For each of the three ranges of sky clearness factor shown in Table 1,  228 simulations were taken for total 170 sun positions as mentioned before. Therefore there 229
Independent variables
were 510 sets of data in total were used to derive every mathematical model in this study. 230   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Where is the transmitted daylight illuminance; and are the illuminance and 238 irradiance incident onto the entry aperture of dCCPC; is the transmittance of dCCPC; 239 is the optical efficiency of dCCPC; is the irradiance received by dCCPC base. 240 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 3. Results and regression
242
In this section, the simulation results will be presented and data regression will be put 243
forward. There are three regressors which are altitude ( ), azimuth ( ) and sky clearness 244 factor ( ), and two dependent variables that are transmittance ( ) and optical efficiency 245 ( ). Fig. 3 shows the flow chart of the regression models that will be introduced in this 246 section. There are three regression models in total and each of them has three independent 247 variables and one dependent variable. For each model, 510 groups of simulation data 248 obtained from Photopia are provided. The investigation of regression model begins from 249 non-coated dCCPC. Then the model will be adapted to base-coated dCCPC to see whether it 250 is capable to predict its transmittance and optical efficiency. azimuth and altitude for sunlight lumen ratio of 1:9, 1:4, and 1:1 respectively; the 258 transmittance under only direct sunlight condition is also presented in Fig. 4 a) as an ideal 259 condition for comparison. It is verified that the transmittance does relate to these three 260 criteria. When the incident light is direct sunlight only, the curved surface is the smoothest 261 which is the best data set to investigate the relations between transmittance and sun 262 position. When the dCCPC is under the both sun and sky dome, the transmittance becomes 263 more and more uneven as the sunlight illuminance takes less and less percentage of total 264 illuminance. Small peaks and valleys begin to occur on the curved surfaces of transmittance 265 variation when the sunlight lumen ratio are 1:4 and 1:9. This is caused by the diffuse light 266 emitted by sky dome in various directions. 267   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Regression prediction model 302
Based on the simulation results, twelve regression equations that are likely to provide strong 303 correlations are proposed as shown in Table 2 below. The goodness of each regression 304 equation is demonstrated in Table 3 . In every regression, the independent variables are 305 altitude ( ), azimuth ( ) and sky clearness factor ( ); the dependent variable is 306 transmittance ( ). The regression starts from the most common way, the first order 307 polynomial equation, as expressed by Eq. 9-1. It is obvious that this equation does not fit 308 well according to the low R 2 of 0.572 in this regression. It was found that the variations of 309 transmittance are periodic with the change of azimuth and altitude. Thus the terms 310 including altitude ( ) and azimuth ( ) in polynomial equation are replaced by trigonometric 311 functions in Eq. 9-2, 9-3 and 9-4. The goodness of these equations indicates the 312 trigonometric functions make the regressions fit simulation data better. For Eq. 9-4, the 313 coefficient of determination R 2 reaches 0.836. However the sum of squared errors (SSE) of 314 predictions for this equation is not good enough. Then the quadratic polynomial functions as 315
shown by Eq. 9-5 and 9-6 are attempted but the fittings are almost the same as the first 316 order polynomial equation. In regression equation, the main effect and interaction effect 317 should be taken into account (Michigan, n.d.). Up to now each independent variable has 318 been incorporated into the regression equation as a main-effect term however the 319 regressions are not satisfied. The interactions among these variables are considered 320 beginning with Eq. 9-7. In Eq. 9-7 and 9-8, the functions with the multiplication of 321 independent variables are tried but they still do not provide satisfactory regression results. 322
However, when plotting the regression results of Eq. 9-8 it was found that this equation 323 provides comparable tendencies of transmittance variation compared to simulation results 324 although it does not perform acceptable goodness of regression. Then, Eq. 9-9 is proposed 325 which contains the interactions between only two independent variables: azimuth and 326   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 altitude. This equation provides relatively good fittings with the high R 2 of 0.915. It also 327 inspired the authors to fit data in a new way. Because the variations of transmittance are 328 mainly determined by azimuth and altitude, and the sky clearness factor does not affect the 329 variation of tendencies. In regression equation, the multiplication of two terms with 330 trigonometric functions of altitude and azimuth are applied to determine the general 331 variations of predicted values; then another term with sky clearness factor is multiplied by 332 them as correction. Therefore Eq. 9-10, 9-11 and 9-12 are put forward. The third term of 333 interaction is polynomial function. It was found that the regressions coincide with simulated 334 data well when the correction term contains all of the three independent variables. 335
Comparing with the fitting goodness of these three equations, it can be seen that when the 336 order of polynomial function in correction term is higher, the regression fits the simulated 337 data better. When the order of polynomial function is higher than 3, the goodness stays 338 stable. Based on the goodness and simplification of regression, Eq. 9-12 is decided to be the 339 regression equation to forecast the transmittance of non-coated dCCPC. Because there is no 340 skylight in the models simulating the data set of 'only direct sunlight', it is important to 341 mention that this data set was not used for the regression in Eq. 9-12. 342 Table 2 . Regressing equations attempted for the correlations of altitude, azimuth and sky 343 clearness factor to the transmittance of non-coated dCCPC 344
Eq. 9-1 Eq. 9-2 Eq. 9-3 Eq. 9-4 Eq. 9-5 Eq. 9-6 Eq. 9-7 Eq. 9-8 Eq. 9-9 Eq. 9-10 Eq. 9-11
Eq. 9-12 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 is altitude (expressed in radian measure); is azimuth (expressed in radian measure); sky clearness factor; is transmittance; are regression coefficients. angle, the transmittance of non-coated dCCPC is always lower than 0.6 when the light is 368 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Considering the similarities of the tendency and the periodicity between the transmittance 395 for base-coated and non-coated dCCPC, it is supposed that the regression model for non-396 coated dCCPC is likely to predict the transmittance of base-coated dCCPC as well. Thus the 397 simulation results for base-coated dCCPC were regressed using Eq. 9-12 and the correlations 398 between simulation and prediction results are presented in Fig. 9 . It can be seen that most 399 of the predicted values are located within the region of ±20% deviation. The goodness of this 400 regression model provides the 0.967 of R 2 and 1.234 of SSE, which indicates that the 401 regression Eq. 9-12 is still suitable to predict the transmittance for base-coated dCCPC, but 402 big deviations appear when the transmittance is smaller than 0.3 regardless of azimuth 403 angle. 404   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 whole range of the data. Thus, it is attempted to divide all of the transmittance results into 412 two groups: one is that the altitude is smaller than 70° the other is that the altitude is equal 413 to or larger than 70°; then two groups of parameter values are regressed according to Eq. 9-414 12. The value of each parameter is obtained as shown in Table 5 and the comparisons  415 between predicted and simulated values are illustrated in Fig. 10 . It can be found that with 416 the new parameter values, almost all of the deviations for predicted transmittance are 417 within the range of -20% -20% compared to the original simulation results. A few large 418 errors occur when the transmittance is within 0.4-0.5 and the azimuth angle ranges between 419 30° and 45°. This is caused by the transmittance having the slightly different tendencies 420 compared to the transmittance of other azimuth angles, which can be found in Fig. 8 . For all 421 of the data in two groups, the goodness of prediction is 0.986 of R 2 and 0.531 of SSE, which 422 is better than the regression by using only one group of parameter values. It is suggested 423 that using two groups of parameter values for more accurate transmittance prediction of 424 base-coated dCCPC. 425 Table 5 . Parameter values of Eq. 9-12 for predicting the transmittance of base-coated dCCPC 426
345
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Optical efficiency prediction model for base-coated dCCPC
431
For base-coated dCCPC, another important characteristic is optical efficiency except for 432 transmittance. In order to find whether the optical efficiency has similar relations with these 433 criteria, they are plotted in Fig. 11 in the same way. It is interesting to see that the optical 434 efficiency is mainly determined by solar altitude, in other words, the incident angle of light. 435
The optical efficiency does not change as obviously as transmittance with variation of 436 azimuth. When the solar altitude is at around 70°, there is a steep increase of optical 437 efficiency which indicates that most of the light is concentrated onto the base of dCCPC 438 when the light is incident within the half acceptance angle of dCCPC. The sunlight lumen 439 ratio in sky model has similar influences on it compared to transmittance. The differences of 440 the optical efficiencies under 1:9 sunlight lumen ratio and only direct sunlight range from - 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In accordance with the relationships among optical efficiency, altitude, azimuth and sky 448 clearness factor shown in Fig. 11 , it was found that the optical efficiency of base-coated 449 dCCPC has the same periodicity with transmittance: the optical efficiency varies in similar 450 tendencies for different altitudes, and it changes with altitude for a certain azimuth. Thus, 451
Eq. 9-12 is also attempted to predict the optical efficiency and the new expression formula is 452 written as Eq. 9-13. The goodness of regression provides the R 2 of 0.969 and SSE of 1.760 453 which shows the regression is satisfactory in general. Fig. 12 illustrates the scatterplot 454 comparing the predicted and simulated values for the regression. Similar to the regression 455 for transmittance of base-coated dCCPC, the predicted optical efficiency has relatively larger 456 deviation when the optical efficiency is smaller than 0.3. Thus, all of the results are 457 attempted to be divided into two groups for separate regressions. 458 Figure 12 . Comparisons between predicted and simulated optical efficiency of base-coated 460 dCCPC (Regression: Eq. 9-13) 461
According to the variations of optical efficiency shown in Fig. 11 , it was found that the 70° of 462 altitude is the boundary determining whether the optical efficiency is less than or higher 463 than 0.3 for most of the data. The regressions are conducted for the data that with the 464 altitude equal to or larger than 70°, and less than 70°. The parameter values of regressions 465 are listed in Table 6 and the comparisons between predicted and simulated results are 466 illustrated in Fig. 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 
Verification of prediction models
483
In this section, several examples of predicting the optical performance for the simulated 484 dCCPC will be presented to show using derived regression models in practice, as well as to 485 verify the feasibility of the prediction method. would be brighter. The intensive light beams are emitted from the solar disk. Therefore, the 512 sunlight would be the main factor that affects dCCPC performance in the simulations using 513   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   23 clear sky model. Hence, the main limitation of the regression equations obtained is that they 514 are suitable for the clear sky condition in which the sunlight illuminance is predominant. 515
Significance of prediction models
516
The results obtained from the best regression models for non-coated and base-coated 517 dCCPCs are illustrated in Table 8 ) of all models are higher than 520 0.94 and the MSE are smaller than 0.002, which indicates they are capable to predict the 521 nonlinear relationship reliably for the optical performance of both non-coated and base-522 coated dCCPCs. 523 The derived regression models provide a fast and simple approach to predict the optical 526 performance of base-coated and non-coated dielectric dCCPC for the light coming from 527 arbitrary directions accurately, which means the transmittance and optical efficiency of 528 dCCPC can be determined directly under clear sky without running simulations by software 529 when the tilt angle of dCCPC, sky clearness factor, time, longitude and latitude of location 530 are given in practice. For example, for the solar concentrating photovoltaic (CPV) and solar 531 thermal systems, they can be used to estimate the optical efficiency of dCCPC and then 532 calculate the collected solar energy rapidly; in the daylighting control system integrated with 533 dCCPC, the energy saving due to daylighting can be predicted accurately without the long-534 time simulations. On the other hand, the regression models proposed are suitable for not 535 only the dCCPCs used in in this study, but also other CPCs with different dimensions owing to 536 the similar structures and working principle of CPC. For other CPC of different geometries, 537 the new parameter values of the proposed prediction equations can be obtained in the 538 same way and then the specific model for it could be built. 539 540 541
Conclusion
542
The mathematical models for calculating the optical performance of dielectric crossed 543 compound parabolic concentrator (dCCPC) have been proposed in this study through 544 multiple nonlinear regression method in accordance to a mass of simulation results. The 545 independent variables for each model are solar altitude, azimuth and sky clearness factor, 546 which are used to determine both of the transmittance and optical efficiency of base-coated 547 dCCPC and the transmittance of non-coated dCCPC. The coefficient of determination (R 2 ) for 548 every model obtained by regression is higher than 0.94 and the deviations of most predicted 549 data are less than 20% compared to simulation data, which indicates the accuracy and 550 reliability of prediction models. 551
It is significant to establish the mathematical models for calculating the optical performance 552 of dCCPC. The most common way to determine the optical performance of dCCPC is by 553 raytracing simulation currently which requires a long time. The derived models can help to 554 forecast the optical performance of dCCPC accurately and rapidly from the given solar 555 altitude, solar azimuth and sky clearness factor, which saves a lot of time for running 556 simulation. In addition, the regression models provide visualized equations that can be 557 validated, optimized and it is friendly to be incorporated with other software. Meanwhile, it 558 should be mentioned that the regression models proposed in this research are only suitable 559 for the clear sky condition. The performance of dCCPC under overcast sky almost stays 560 constant and can be calculated through its structural properties. This study only explored 561 the prediction models for dCCPC, it is promising to adopt these models to predict the optical 562 performance for other types of CPCs owing to the similar structure and working principles 563 for the future work .  564   565   566 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
